Thickness independent cathode High sulfur loading Vertically-aligned thin electrode 3D printing Lithium sulfur battery A B S T R A C T Sulfur cathodes with a high sulfur loading more than 3 mg cm À2 are essential for practical high-energy density Li-S batteries. However, Li þ transport is usually poor in thick cathodes, resulting in low capacity output, fast capacity decay and large overpotential. To tackle the issue of thick sulfur cathodes, a thickness-independent electrode structure is proposed for the first time which can transform a thick electrode into a combination of vertically aligned "thin electrodes". Each "thin electrode" has a thickness of~20 μm, which is independent of the overall thickness of electrode or sulfur loading. The "thin electrodes" substantially enhanced local accessibility to Li þ and e À and enabled similar electrochemical kinetics in spite of the total sulfur loading or thickness of the electrode. Accordingly, highly similar cycling performance and rate performance were demonstrated with the 250 μm and 750 μm (i.e. sulfur loadings of 2 and 6 mg cm À2 ) electrodes. This work demonstrates the concept and offers a new opportunity for designing high-loading cathodes and shall rise interests for other energy storage systems such as Li-ion batteries, Li-air batteries, etc.
Introduction
Lithium-sulfur (Li-S) batteries have been considered as one of the most perspective candidates of future batteries due to their superior theoretical energy density of 2600 Wh kg À1 and low cost, naturally abundant, and environmental friendly of sulfur [1] [2] [3] [4] [5] [6] . Nevertheless, there are still intricate challenges, such as low Li þ /e À conductivity of sulfur and Li 2 S/Li 2 S 2 , large volumetric changes during cycling, and the widely known "shuttle effects", remaining to be solved [7] [8] [9] [10] . These problems lead to low Coulombic efficiency, low sulfur utilization, fast capacity fading and poor cycle life, which hinder the practical application of Li-S batteries [7, 9, 11, 12] . Recently, tremendous efforts have been focused on suppressing polysulfides (PSs) shuttling between anode and cathode via physical confinement and chemical absorption [13] . Based on these attempts, good cycling performance of Li-S batteries up to 1000 cycles have been achieved [14, 15] . Despite the significant achievements, it should be noted that most of these long cycle lives were demonstrated with low sulfur loading cathodes less than 2 mg cm À2 [16] .
To achieve high energy density, high sulfur loading and high active material utilization are essential. Nonetheless, a high sulfur loading is usually accompanied by an increase in electrode thickness [17, 18] . The electrochemical performance of Li-S batteries can be highly affected by the cathode thickness as a result of the prolonged and tortuous ion transport. What is worse, the high concentration of Li 2 S formed on the cathode surface further hindered the Li þ and PS diffusion inside the cathode, resulting in incomplete electrochemical reaction and low sulfur utilization [19, 20] . To tackle these issues, construction of Li þ transporting channels in the cathode is a favorable strategy [9, [21] [22] [23] [24] . For instance, Zhang and coworkers developed a "tri-continuous phase" porous electrodes, achieving a capacity of around 800 mAh g À1 for the 7 mg cm À2 sulfur-loaded electrode [21] . Further avoiding the shrinkage of the Li þ transport channels under surface tension via a freeze-drying method, a 24 mg cm À2 sulfur-loaded electrode was successfully demonstrated at 0.05 C [21] . However, even with this progress, the increase of electrode thickness and sulfur loading still cause low capacity output, large overpotential, and poor cycling stability and rate performance.
Generally, the electrochemical performance of the reported Li-S batteries is still highly dependent on cathode thicknesses. Recently, our group demonstrated that the Li þ transport in Li-S cathode could be optimized from macroscale and nanoscale via 3D printing method, but it still suffers from capacity decay with increased S loading [25] . Impressively, Yang and co-workers developed a vertically aligned two-dimensional titanium carbide (Ti 3 C 2 T x ) electrode for supercapacitors. Beneficial from the fast Li þ transport in the vertical-aligned channels and reduced Li þ transport distance, the supercapacitors assembled with 40-μm and 200-μm electrodes exhibited almost the same rate performance [26] . However, such thickness-independent properties have never been reported in Li-S battery systems in spite of great efforts focused on vertical-aligned electrodes based on graphene nanowalls, [27] carbon nanosheets, [28] and graphite flakes [29] .
Herein, a thickness-independent electrode with high sulfur loading Li-S cathode was proposed, for the first time, to convert the 3D disordered thick electrode into a combination of numerous vertically aligned 2D "thin electrodes" by integrating the 3D-printing technology with an ice-template method. In our previous work, it has demonstrated that 3D printing technology can ensure high active material loading with a thick electrode for batteries [30] . Therefore, in this work, employing the ice as a vertically-aligned template can successfully transform the thick electrodes into numerous "thin electrodes". Each "thin electrode" presents a constant thickness of around 20 μm. The "thin electrodes" are independent of the total thickness of printed electrodes, even if the total electrode thickness can be scaled up to hundreds of microns using 3D printing. It is widely known that the electrochemical reaction can only occur at the tri-phase interface with active materials, Li þ source (electrolyte), and e À source (active electrode surface). Each individual "thin electrode" functions as an electrochemical reaction site, with a Li þ diffusion distance no more than 10 μm considering a bi-directional transport model and neglecting the tortuosity within the "thin electrodes". The Li þ transporting resistance can be significantly reduced compared to the traditional dense electrodes with several hundred micro-meters. Additionally, the "thin electrodes" are beneficial for alleviating Li 2 S 2 /Li 2 S blockage as well. The similar electrochemical kinetics, Li þ /e À conductivities, and constant local thickness in "thin electrodes" make it possible to achieve thickness-independent electrochemical performance of electrodes. Consistently, highly similar cycling performance and rate performance are observed for 3D-printed vertically aligned electrodes, no matter total thickness of 250 or 750 μm (i.e. sulfur loadings of 2 mg cm À2 and 6 mg cm À2 ). Both electrodes deliver a capacity of 530 mAh g À1 at 10 mA cm À2 and a low capacity decay of 0.1% per cycle over 200 cycles at 1 mA cm À2 .
Experimental section

Synthesis of S/BP-2000 composite
600 mg of sulfur powder (99.5%, Sigma-Aldrich) was mixed with 400 mg conductive carbon (Cabot BP-2000) with a weight ratio of 6:4 by grinding with a mortar and a pestle for 0.5 h. The mixture was transferred into a sealed steel reactor and heated at 155 C for 8 h and subsequently 300 C for 4 h. After cooling to room temperature, the final S/BP-2000 composite with a sulfur content of 60 wt % was obtained.
Fabrication of 3DP-VAEs and 3DP-NVAEs
3DP-VAEs and 3DP-NVAEs with different sulfur loadings were fabricated using a custom-made 3D printer equipped with a 3-axis micropositioning stage (FFF Delta 3D printer) motorized by stepper motors (CNC4PC, CS4EA4-1Rev1). S/BP-2000 composite, Na alginate, and acetylene black were mixed at a weight ratio of 7:1.5:1.5 with additional DI water to prepare the printing ink. The ink was loaded into a 3-mL syringe and extruded through a 250-μm-diameter nozzle. The 3DP-VAEs and 3DP-NVAEs were printed into a grid structure with an overall diameter of 10 mm at a print motion speed of 6 mm s À1 . The printed electrodes were dried using two different methods for comparison: 1) freeze-drying at À50 C for 20 h (namely 3DP-VAEs with sulfur loading of 2 mg cm À2 and 6 mg cm À2 ) and 2) thermal drying in a vacuum oven at 60 C for 20 h (3DE-NVAEs with sulfur loading of 2 mg cm À2 and 6 mg cm À2 ).
Characterizations
Hitachi S-4800 field-emission scanning electron microscope (FESEM) equipped with energy dispersive spectroscopy (EDS) was used to characterize the morphologies of the printed samples. The sulfur content in the S/BP 2000 composite was determined by an SDT Q600 thermogravimetric analyzer (TGA) under a nitrogen atmosphere from room temperature to 600 C with a heating rate of 10 C min À1 .
Electrochemical measurements
The electrochemical performance of the 3DP-VAEs and 3DP-NVAEs with different sulfur loadings were assembled with CR2032 coin cells in an Ar-filled glovebox. The cathode and Li anode were separated by a polypropylene membrane (Celgard 2400). The electrolyte in this study was 1 M bis (trifluoromethylsulfonyl) imide (LiTFSI) in 1, 2-dimethoxymethane (DME)/1, 3-dioxolane (DOL) (1:1 v/v) with 1 wt % LiNO 3 additive. The electrolyte/sulfur (E/S) ratio is controlled as around 10 μL mg À1 for both 3DP-VAEs and 3DP-NVAEs.The cycling performance of the assembled batteries were tested using a LAND battery testing station, by applying different current. Electrochemical impedance spectroscopy (EIS) was tested at open-circuit with a frequency range of 5.0 Â 10 5 Hz to 1.0 Â 10 À2 Hz on a versatile multichannel potentiostation 3/Z (VMP3). Cyclic voltammetry (CV) was performed on the same instrument and the data was collected under a scanning rate of 0.1 mV s À1 between a voltage of 1.8 V and 2.8 V. The charge-discharge tests were carried out using a LAND CT-2001A system with voltages between 1.8 V and 2.8 V at room temperature. Unless otherwise specified, the specific capacities reported in this work were calculated based on sulfur and the voltages vs. Li þ /Li.
Results and discussion
Fig. 1 schematically presents the fabrication and application of a 3Dprinted vertical aligned electrode (3DP-VAE). There are three main steps in to the fabrication process. Firstly, the cathode ink was prepared by dispersing S/BP 2000 composite, acetylene black conductive additives, sodium alginate in a weight ratio of 14:3:3 in an aqueous solution. Subsequently, the ink was printed into a round grid pattern with 1 cm diameter using a 3D printer. It should be noted that the total thickness and areal sulfur loading of electrode can be easily controlled by adjusting the number of printing layers. Lastly, the as-printed electrode was freezedried to obtain the 3DP-VAE as a cathode for Li-S batteries.
The formation mechanism and the morphology of 3DP-VAE are shown in Fig. 2 . Ice, the solid phase of water, has been widely used as a template for synthesizing porous materials, especially porous ceramics [31] . As shown in Fig. 2a , according to the basic crystallographic and the anisotropic crystal growth kinetics, the ice growth rate along structure does not the a-axis is 10 2 to 10 3 times higher than that along the b-axis, thereby forming lamellar walls of ice. The aligned ice walls act as templates to divide the thick electrode into numerous "thin electrodes". After the removal of the ice-templates by freeze-drying, a 3DP-VAE with vertically aligned "thin electrodes" is fabricated [32] . The optical images of 3DP-VAE-6 (sulfur loading of 6 mg cm À2 ) before and after freeze drying in Fig. S1 , show an obvious printed grid structure with three layers. The free-standing structure do not require additional current collectors. The microscopic morphologies are characterized by scanning electron microscopy (SEM). As shown in Fig. 2b , the printed grid electrode was composed of interwoven fibers with a diameter of 250 μm. The images in Fig. 2c and d depict the constitution of numerous lamellar electrodes (~20 μm thick). Vertically aligned Li þ transport channels were constructed in micro-scale. It is widely accepted that the electrochemical reactions can only occur at the tri-phase interface of e À source, Li þ source, and active material. In this consideration, each "thin electrode" is favorable for electrochemical reactions. Considering negligible Li þ transporting resistance in micro-scale channels, the largest Li þ transport distance is only around 10 μm assuming a bi-directional transport model and ignoring the tortuosity in "thin electrode". The short Li þ diffusion length is beneficial for reaction kinetics and alleviation of Li 2 S 2 /Li 2 S blockage. Moreover, the "thin electrodes" showed a constant thickness of 20 μm no matter the total thickness of the thick electrodes. The morphology and structure of "thin electrodes" is further clarified by SEM with higher magnification. As shown in Fig. 2e , the nano-sized pores in the "thin electrode" can further accommodate electrolyte and facilitate Li þ transport. Fig. 2g shows the cross-sectional view of the 3DP-VAE-6 electrode. The 3DP-VAE-6 electrode is composed of 3 printing layers with a thickness of 250 μm for each layer. A magnified cross-sectional view is shown in Fig. 2f . Similar vertically aligned Li þ transport channels were observed. The morphology of 3DP-VAE-2 (sulfur loading of 2 mg cm À2 ) electrode with a single printed layer (250 μm) is shown in Fig. S2 . The 3DP-VAE-2 electrode was also composed of similar micro-sized "thin electrodes" with a thickness of~20 μm. The successful formation of "thin electrodes" via ice-template was independent of the total thickness of electrodes. Similar Li þ /e À conductivities in both 3DP-VAE-2 and 3DP-VAE-6 electrodes and thickness-independent electrochemical performance were expected. For comparison, some printed electrodes were conventionally dried in a vacuum oven at 60 C, denoted as 3D-printed none vertical aligned electrode (3DP-NVAEs). As shown in Fig. S3 , both the 3DP-NVAEs with sulfur loading of 2 and 6 mg cm À2 (3DP-NVAE-2 and 3DP-NVAE-6, respectively) were dense without vertical aligned "thin electrodes". Due to surface tension, the printed grid structure of 3DP-NVAE electrodes is mostly fractured. This can be harmful for Li þ transport. The sulfur content in the S/BP 2000 composite was determined to be 60 wt% by thermogravimetric analysis (TGA) in N 2 atmosphere (Fig. S4) . Figure S5 shows the cyclic voltammetry (CV) curves of Li-S batteries using 3DP-VAE-6 and 3DP-NVAE-6 electrodes. Both batteries demonstrated two couples of oxidation/reduction peaks in the selected voltage window from 1.8 to 2.8 V. The 3DP-VAE-6 cell exhibited two oxidization peaks at 2.35 and 2.44 V and two reduction peaks at 2.27 and 1.96 V, indicating a two-step oxidation/reduction process between sulfur and the discharge products Li 2 S 2 /Li 2 S. In contrast, the oxidization peaks of the 3DP-NVAE-6 cell shifted to higher voltages of 2.40 and 2.50 V, while the reduction peak shifted to lower voltages of 2.24 and 1.90V. The polarized and broadened oxidation/reduction peaks indicated poorer electrochemical kinetics than the 3DP-VAE-6 cell. The difference between 3DP-VAEs and 3DP-NVAEs was further investigated by the electrochemical impedance spectroscopy (EIS). As shown in Fig. S6a and Table S1 , the four electrodes exhibit similar ohmic resistance less than around 8 Ω, while the charge transfer resistance(R ct ) were quite different. Noting that R ct is closely related to the chemical reaction activation energy, the similar R ct values of 3DP-VAE-2 (36.62 Ω) and 3DP-VAE-6 (44.51 Ω) suggested their similar electrochemical reaction kinetics. Comparing with the 3DP-VAEs, the 3DP-NVAEs presented larger R ct values (51.64 Ω for the 3DP-NVAE-2 and 83.37 Ω for the 3DP-NVAE-6). Slower electrochemical reaction kinetics of the 3DP-NVAEs than the 3DP-VAEs was indicated, presumably due to the decreased active sites in the dense 3DP-NVAEs. To further quantify the difference of Li þ diffusion in 3DP-VAEs and 3DP-NVAEs, the diffusion coefficient of Li þ (D Liþ ) was calculated based on the D Li þ Warburg coefficient (σ) and angular frequency (ω) relationship in previous reports [33, 34] . As shown in Fig. S6b and Table S1 , The 3DP-VAE-2 and 3DP-VAE-6 electrodes exhibit similar D Liþ of 2.29 Â 10 À10 and 1.54 Â 10 À10 cm 2 s À1 , which were nearly one order of magnitude higher than that of the 3DP-NVAE-2 and 3DP-NVAE-6 electrodes (2.72 Â 10 À11 and 1.81 Â 10 À11 cm 2 s À1 ). The 3DP-VAEs possessed smaller R ct and larger D Liþ , suggesting higher electrochemical activity and faster Li þ diffusion than the 3DP-NVAEs. This emphasized the importance of the unique structure of the 3DP-VAEs.The similar kinetics obtained for 3DP-VAE-2 and 3DP-VAE-6 electrodes with different sulfur loadings indicate the similar electrochemical kinetics and thickness-independent electrochemical performance. The thickness-independent properties of the 3DP-VAEs were demonstrated by the rate performance and cycling stability. As shown in Fig. 3a , the 3DP-VAE-2 cell delivered average capacities of 854, 820, 798, 775, 719, 644, 641 and 531 mA h g À1 at current densities of 1, 2, 3, 4, 5, 6, 8 and 10 mA cm À2 , respectively. When the current density returned to 1 mA cm À2 , a high specific capacity of 798 mA h g À1 was maintained. It is noteworthy that the 3DP-VAE-6 cell demonstrated very similar rate performance as the 3DP-VAE-2 cell at the same current densities from 1 to 10 mA cm À2 , which were 885, 804, 764, 750, 734, 714, 649 and 532 mA h g À1 , respectively. When the current density was changed back to 1 mA cm À2 , a similar discharge capacity of 784.3 mA h g À1 was recovered. In great contrast, the rate performance of the 3DP-NVAEs was not at all comparable, with the higher loading 3DP-NVAE-6 failed even more rapidly. When the current density increased to 5 mA cm À2 , the 3DP-NVAE-6 delivered almost no capacity. The poor rate performance of the 3DP-NVAEs was mainly attributed to the blocked Li þ /e À transport in a thick and dense electrode. Fig. 3b shows the charge/discharge profiles for the 3DP-VAEs and 3DP-NVAEs at the first cycle. At a current density of 1 mA cm À2 , all four electrodes presented a similar capacity of approximately 1200 mAh g À1 . However, it is noteworthy that the overpotential of 3DP-VAEs was smaller than that of the 3DP-NVAEs. Additionally, the polarization of the 3DP-NVAEs was highly dependent on the sulfur loading, but the 3DP-VAEs were relatively independent. A higher sulfur loading in 3DP-NVAEs led to a larger overpotential, while the charge/discharge profiles of the different loading 3DP-VAEs almost overlapped. This again emphasizes the important improvements of Li þ / e À transport by the built-in "thin electrodes". The thickness-independent performance of 3DP-VAEs was also observed during the rate performance test. The galvanostatic charge/discharge curves of the 3DP-VAE-2 and 3DP-VAE-6 cells at different current densities are shown in Figs. S7a and b. The typical two discharge plateaus for both electrodes can be well observed even at the high current density of 10 mA cm À2 , indicating a kinetic effective process. However, both the 3DP-NVAE-2 and 3DP-NVAE-6 lost the second discharge plateau at a current density of 8 mA cm À2 and 4 mA cm À2 (Fig. S8) . The sudden tendency changing of the charge/discharge curves from 6 mA cm À2 to 8 mA cm À2 in Fig. S8a can be explained as follows. When we increase the current density from 6 mA cm À2 to 8 mA cm À2 , the overpotential will further increase and the discharge plateau voltage will be lower. As can be seen from Fig. S8 , there is an obvious valley between the first plateau and the second plateau, which is called Li 2 S nucleation point [35] . Generally, the voltage at the Li 2 S nucleation point is much lower compared with both first discharge plateau and second discharge plateau due to the higher internal resistance [35] . At a current density of 6 mA cm À2 , the voltage of the Li 2 S nucleation point is around 1.85 V, closing to the cutoff voltage of 1.8 V. When overpotential further increasing at a current density of 8 mA cm À2 , the voltage of the Li 2 S nucleation point will be lower than 1.8 V, thus resulting in discharge termination and disappearance of second discharge plateau. The severe polarization upon increasing current density was common for conventional dense thick electrodes. Moreover, the overpotential (ΔV), determined by the charge/discharge voltage difference at the median value of the discharge capacity, of those four electrodes at various current densities from 2 to 10 mA cm À2 were calculated and compared in Fig. 3c . The ΔV values of the 3DP-VAE-2 cell at 2, 4, 6 and 8 mA cm À2 were 198, 275, 332 and 391 mV, respectively. Interestingly, the 3DP-VAE-6 cell showed almost the same ΔV values of 219, 290, 365 and 423 mV at the corresponding current densities. Even at a high current density of 10 mA cm À2 , the 3DP-VAE-2 and 3DP-VAE-6 cells still exhibited similar ΔV values of 455 and 465 mV, respectively. The 3DP-VAEs were proved to have similar Li þ /e À transport capabilities and thus thickness-independent electrochemical performance. In contrast, for 3DP-NVAEs, the ΔV dramatically increased with the increasing thickness and sulfur loading of the electrode, consistent with the common trend of most recently reported Li-S batteries [36, 37] . The 3DP-NVAE-6 presented the largest ΔV value among the four electrodes, almost two times higher than those of the 3DP-VAEs at 2 mA cm À2 . The ΔV values of 3DP-NVAE-2 and 3DP-NVAE-6 are not shown in Fig. 3c beyond current densities of 6 mA cm À2 and 2 mA cm À2 due to the absence of the second discharge plateau. The Ragone plot in Future 3d compares the performance of the 3DP-VAE-6 to the reported vertical-aligned cathodes for Li-S batteries during the years between 2014 and 2018 [27, 28, [38] [39] [40] [41] [42] [43] [44] . The areal capacity of our 3DP-VAE-6 substantially exceeds other reported vertical-aligned cathodes for Li-S batteries at the same current densities. The improved rate performance and decreased overpotential of 3DP-VAE electrodes are attributed to the improved electrochemical kinetics and fast Li þ /e À transport in the "thin electrodes". As schematically illustrated in Fig. 3e , the Li þ can first diffuse into the micro-scale vertical-aligned Li þ transport channels with negligible transport resistance, then transport in the porous "thin electrodes" bi-directionally. The longest Li þ transport distance is presumably only half of the thickness of the "thin electrodes" (~10 μm). In contrast, Li þ has to diffuse a long distance in the dense 3DP-NVAEs for full sulfur utilization, which often cannot complete at high current densities. Therefore, the thickness-independent rate performance of 3DP-VAEs is a particular advantage over conventional electrodes for achieving effective and high sulfur loading.
The cycling stability of those four cathodes was evaluated at 1 mA cm À2 . As shown in Fig. 3f , the 3DP-VAE-2 and 3DP-VAE-6 cells delivered initial capacities of 1157.2 mA h g À1 and 1156.4 mA h g À1 and reversible capacities of 906.6 mA h g À1 and 910.3 mA h g À1 after 10 cycles of stabilization, respectively. The capacity decays in the first cycle to the 10th cycles, which is mainly attributed to some polysulfides will be remained in the electrolyte and can't be utilized. After the polysulfides concentration in the electrolyte is equal to the ones in the cathode materials, negligible polysulfides diffuse into the electrolyte and a kinetic balance is achieved. So after decay in a few cycles, a reversible and stable capacity will be achieved [12] . After 200 cycles, high discharge capacities of 701.3 mA h g À1 and 739.6 mA h g À1 were retained for 3DP-VAE-2 and 3DP-VAE-6, demonstrating a low capacity attenuation of around 0.10% per cycle (calculated based on the stabilized capacities at the 10th cycle) for both electrodes. The excellent cycling performance indicated well confinement of PSs in the 3DP-VAEs, either in the vertically aligned channels or the nano-scale pores in the "thin electrodes"; the fast reaction kinetics thanks to the unique electrode structural design also reduced the Table S2 (solid line: around 1 mA cm À2 ; dash dot: around 5 mA cm À2 ; dash line: around 10 mA cm À2 ). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) active materials loss during repeated charge/discharge process. In contrast, although the 3DP-NVAE cells showed high initial capacities above 1200 mA h g À1 , the reversible capacities dropped to 863.8 mA h g À1 and even 616.0 mA h g À1 at the 10th cycle for 3DP-NVAE-2 and 3DP-NVAE-6, respectively. After 200 cycles, capacities of only 428.2 mA h g À1 and 36.6 mA h g À1 were maintained for the 3DP-NVAE-2 and 3DP-NVAE-6 cells, corresponding to high capacity attenuations of 0.27% and 0.49%, respectively [45, 46] . The poor cycling stability of 3DP-NVAEs could mainly be attributed to the high concentration of Li 2 S deposited on the surface of 3DP-NVAEs and blocked the Li þ /e À pathways. The areal capacities achieved by 3DP-VAEs and 3DP-NVAEs cells were shown in Fig. S9 . The 3DP-VAE-2 and 3DP-VAE-6 cells delivered initial areal capacities of 2.31 and 6.94 mA h cm À2 and maintained at 1.40 and 4.44 mA h cm À2 even after 200 cycles, respectively, which were higher than that of 3DP-NVAEs cells. Remarkably, the evaluation of discharge capacity followed by increasing the sulfur loading from recently publications was presented in Fig. 3g and listed in Table S2 . As expected, due to the worsening Li þ /e À transport with sulfur loading increasing, the capacities are decreased gradually, which will no doubt limit the improvement of practical energy density. In contrast, as shown in Fig. 3g marked with red pentagrams, beneficial from the thickness-independent property enabled by the vertically-aligned structure, there is no capacity drop for the 3DP-VAEs with sulfur loading increasing, even at high current density of 10 mA cm À2 , further highlighting the novel thickness-independent structure in Li-S batteries.
As shown in Fig. 4a and Fig. 4b , the electrochemical reactions can only occur at the tri-phase interface of the electrolyte (Li þ source), cathode active site (e À source) and active materials; the transformation from a thick dense electrode into numerous vertically aligned "thin electrodes" substantially enhanced the number of tri-phase interfaces and facilitated conversion between sulfur and Li 2 S 2 /Li 2 S. The sturdiness of the designed structure is essential for long-term cycle ability. To examine the structural stability of the 3DP-VAEs over electrochemical operations, the 3DP-VAE-2 and 3DP-VAE-6 cells were disassembled for morphological analysis by SEM after cycling at 2 mA cm À2 for 100 cycles. As shown in Fig. 4c and d , both 3DP-VAEs still well maintained the vertically aligned "thin electrodes" for fast local Li þ /e À transport. No obvious accumulation of reaction side products or "dead" Li 2 S 2 /Li 2 S were observed, especially when compared with 3DP-NVAEs as shown in Fig. S10 which have been cracked during cycling. Moreover, as shown in Fig. S11 , EIS curves of 3DP-VAE-2 and 3DP-VAE-6 after cycling also demonstrate a similar electrochemical activity and Liþ/eÀ diffusion capability. Therefore the unique structure of 3DP-VAEs remained effective upon repeated charge/discharge cycles.
Conclusions
In summary, we have developed a new strategy to apply 3D printing technique to carry out thickness-independent Li-S cathode by converting the thick electrodes into a combination of numerous vertically aligned "thin electrodes". The "thin electrodes" presented a constant thickness of 20 μm in spite of the total thickness of the whole electrode. Due to the similar electrochemical kinetics and Li þ /e À transport distance in "thin electrodes", the prepared 3DP-VAE-2 (250 μm with a sulfur loading of 2 mg cm À2 ) and 3DP-VAE-6 (750 μm with 6 mg cm À2 sulfur) electrodes delivered highly similar cycling performance and rate performance. Both 3DP-VAEs were able to deliver a capacity of 530 mAh g À1 at 10 mA cm À2 and a low capacity decay of 0.1% per cycle over 200 cycles at 1 mA cm À2 . This work opens a new opportunity for designing high-performance and high-energy Li-S batteries with high sulfur loadings. Fig. 4 . Schematic diagram of the 3DP-VAE during lithiation process (a, b); comparison of surface morphologies of 3DP-VAE-2 (c) and 3DP-VAE-6 (d) after 100 cycles at 2 mA cm À2 .
